H I G H L I G H T S
• The removal of opportunistic bacteria was assessed with a rotating cylinder reactor.
• Dual species biofilms were the most susceptible to chemical and mechanical removal.
• Pretreatment with NaOCl did not improve the impact of mechanical stress.
• S. maltophilia biofilms demonstrated high tolerance to NaOCl and mechanical stress.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Biofilm formation is one of the main microbiological concerns in drinking water (DW) quality management. In fact, about 95% of the total biomass in water is attached to pipe walls, while the remaining is in the bulk phase (Wingender and Flemming, 2004) . Biofilms are formed by microorganisms attached to a surface and embedded in a polymeric matrix, which they own excrete. Microorganisms that live embedded in biofilms enjoy more advantages than those in planktonic state (Mathieu et al., 2016; Simões and Simões, 2013) . The extracellular polymeric substances (EPS) have an important role in microbial survival under undesirable environmental conditions. The matrix of EPS is able to capture and concentrate environmental nutrients and increases biofilm resistance to antimicrobial agents and mechanical stresses (Simões et al., 2005; Simões and Simões, 2013; Xue et al., 2012) . Another significant advantage of the biofilm mode of growth is the potential for dispersion by detachment (Stewart, 2012) . Following the direction of the fluid, detached biofilm portions travel to other regions and promote biofilm formation on clean areas (Codony et al., 2005) . Moreover, biofilms can act as reservoir of pathogenic organisms and influence directly bacterial density and diversity in the bulk phase due to detachment (Wingender and Flemming, 2011) . Therefore, the presence of biofilms in drinking water distribution systems (DWDS) is a global concern that can influence the DW quality and hence the public health. Consequently, DW treatment is a necessary process to ensure high standards of quality (WHO, 2011) . Chemical disinfection, based on nonspecific oxidative processes to inactivate microorganisms is conventionally used to treat DW (Simões and Simões, 2013) . Chlorination is the predominant disinfection method used in DWDS as it is a low cost process, easy to apply and is effective in the inactivation of a wide variety of pathogenic microorganisms (Donnermair and Blatchley III, 2003) . The residual concentration of free chlorine in DWDS should be maintained under values lower than 1 mg·l −1 and nearer 0.5 mg·l −1 (WHO, 2011) . However, this residual concentration appears not to be enough to prevent the growth and development of microbial biofilms (O'Flaherty et al., 2017; Su et al., 2018; Zhou et al., 2009) . Although, it can inactivate the majority of planktonic bacteria (LeChevallier et al., 1998) . A recent work described the effects of sodium hypochlorite (NaOCl) on DW biofilm killing and removal . High biofilm killing rates were achieved. However, even extreme NaOCl concentrations had reduced biofilm removal efficacy, allowing biofilm reseed. Therefore, complementary strategies are required for effective biofilm control (killing and removal) in DWDS . Pipe flushing, a mechanical treatment, is already used to control chemical and biological deposits in DWDS (Husband and Boxall, 2011) . This is one of the least expensive techniques used to maintain DWDS microbiologically safe (Simões and Simões, 2013) . It consists in the replacement of contaminated water by clean one through high velocity flow in pipes. This procedure can remove the sludge and sediments from pipe walls, eliminate tastes and odors, reduce turbidity and restore the disinfectant residual concentration, affording a better prevention of microbial regrowth (Antoun et al., 1999; Friedman et al., 2002) . Usually, it is applied at large-scale as periodic preventive measure or as response to localized water quality problems (Antoun et al., 1999; Friedman et al., 2002; Husband and Boxall, 2011) . As chemical disinfection at in-use concentrations in DWDS is not efficient in biofilm control from pipe surfaces, the combination of chlorination and pipe flushing represents complementary strategies of potential interest to control biofilms in DWDS.
The aim of this work was to understand the behavior of single and dual species biofilms of Acinetobacter calcoaceticus and Stenotrophomonas maltophilia to chemical and mechanical stresses, complementing a first study on the action of NaOCl on DW biofilm control . A. calcoaceticus and S. maltophilia were used as model microorganisms. These bacteria are recognized as opportunistic and were already associated to infections related to hospital water supply (Cervia et al., 2008; Gales et al., 2001; Pal and Kale, 1981; Vincenti et al., 2014) . Furthermore, polyvinyl chloride (PVC) was selected as substratum for biofilm formation due to its broad use in DWDS . Biofilms were formed on PVC surfaces in a rotary cylinder reactor, a bench top laboratorial device that allows the testing of welldefined single or combined chemical and mechanical strategies on biofilm control (Simões et al., 2009 ).
Material and methods
Bacteria and culture conditions
A. calcoaceticus and S. maltophilia were isolated from a DWDS (Simões et al., 2007) . Bacterial cells were grown overnight in batch cultures using a concentrated nutrient medium (5 g·l −1 glucose, 2.5 g·l
peptone, 1.25 g·l −1 yeast extract (Merck, VWR, Portugal) and 0.2 M phosphate buffer at pH 7) at room temperature (23 ± 3°C) and under agitation (120 rpm) in an orbital incubator (New Brunswick Scientific, I26, USA).
Substratum
PVC was used as substratum for biofilm formation and was selected as a representative pipe material from DW networks (Simões et al., 2007) . Before biofilm formation PVC cylinders were immersed in a solution of commercial detergent (Sonasol Pril, Henkel Ibérica S. A.) . In order to remove any remaining detergent, the cylinders were rinsed in distilled sterile water and subsequently immersed in ethanol at 70% (v·v −1 ) for 5 min. Afterwards they were rinsed three times with distilled sterile water and dried at 60°C for 3 h, before being used for biofilm assays.
Rotating cylinder reactor -experimental set-up
A rotating cylinder reactor was used to grow biofilms on PVC cylinders (Simões et al., 2005 (Simões et al., , 2009 (Fig. 1) ) in order to enforce bacterial adhesion instead of planktonic growth. For dual species biofilm formation the reactor was inoculated with 125 ml of 10 8 CFU·ml −1 of each bacterium. The biofilms were allowed to grow for 7 d in order to obtain steady-state biofilms (Simões et al., 2005) . After 7 days of continuous operation the single and dual species biofilms on the PVC cylinders were carefully immersed in 0.2 M phosphate buffered saline (PBS) at pH 7 to remove loosely attached cells. Then, the biofilms were characterized and tested on their behavior to chemical and mechanical treatments. 
Biofilm sampling for characterization
Biofilms were characterized in terms of thickness, wet and dry mass, respiratory activity, density, culturable cells and EPS content. Biofilm thickness was determined using a digital micrometer (VS-30H, Mitsubishi Kasei Corporation) according to Teodósio et al. (2011) . Wet biofilm mass was obtained by measuring the weight of the cylinder with and without biofilm. Biofilm density was assessed as the ratio between the biofilm dry mass and thickness.
To assess the other biofilm characteristics (dry biomass, respiratory activity, cell density and EPS content) the biofilms were removed from the cylinders using a stainless steel scraper and resuspended in 10 ml of extraction buffer (0.76 g·l −1 Na 3 PO 4 ·H 2 O, 0.36 g·l −1 Na 2 HPO 4 ·H 2 O, 0.53 g·l −1 NaCl, 0.08 g·l −1 KCl). Afterwards, the biofilm suspensions were homogenized by vortexing (30 s, 100%) as described by Simões et al. (2005 Simões et al. ( , 2009 ). Biofilm respiratory activity was determined using a YSI 5300A Biological Oxygen Monitor according to Simões et al. (2009) . The total and extracellular polymeric substances (in terms of proteins and polysaccharides content) were quantified after extraction with Dowex® Marathon© resin (NA + form, strongly acidic, 20-50 mesh, Sigma) according to Frølund et al. (1996) . Dowex resin was added to the biofilm suspension in a 25 ml beaker and the extraction took place for 4 h at 400 rpm and 4°C. The extracellular components present in the supernatant were separated from cells through centrifugation (3700 g, 5 min). The biofilm proteins were quantified by the Lowry modified method (Sigma) using bovine serum albumin as standard (Lowry et al., 1951; Peterson, 1979) . The polysaccharides were quantified using the phenol-sulphuric method using glucose as standard (Dubois et al., 1951) . The dry biofilm mass was assessed by determination of the total volatile solids (TVS) which are equivalent to the amount of biological mass. The homogenized biofilm suspensions were placed in a furnace at 550 ± 5°C for 2 h (WEF, 1989). The biofilm mass accumulated was expressed in mg of biofilm per cm 2 of surface area of the cylinder.
The number of culturable bacteria was assessed in terms of colony forming units (CFU) on plate count agar (PCA, Merck, VWR). After biofilm scraping from PVC surface, the suspension was diluted to the adequate cellular concentration in 0.2 M phosphate buffer before plating. For dual species biofilms the number of CFU per cm 2 was also assessed for each bacterium. This was possible because these bacteria had clear distinct colony morphologies. Colony enumeration was carried out after 24 h incubation at 23 ± 3°C. Three independent experiments were performed for biofilm characterization.
Biofilm chemical removal
The cylinders plus biofilm were removed from the reactor, washed in phosphate buffer to remove weakly or non-adherent bacteria and subsequently were immersed in 300 ml glass flasks containing NaOCl (Sigma) dissolved in 0.2 M phosphate buffer. Two conditions were tested: NaOCl at 0.5 mg·l −1 and at the minimum inhibitory concentration determined in a previous work : 125 mg·l −1 for A. calcoaceticus biofilms, 175 mg·l −1 for S. maltophilia biofilms and dual species biofilms. The control (untreated biofilm) was carried out with 0.2 M phosphate buffer instead of NaOCl. Biofilm exposure to NaOCl solutions was carried out at constant shear stress (1 Pa, the same used for biofilm formation) for 30 min (Lemos et al., 2015) . After treatment, the disinfectant solutions were removed and the biofilms on the PVC cylinders were rinsed twice by immersion in 0.5% (w/v) sodium thiosulfate (Merck, VWR) for 10 min to quench the activity of the disinfectant and finally one time in 0.2 M phosphate buffer. Afterwards, the wet mass of biofilm was assessed to characterize biofilm removal due to NaOCl exposure, and the cylinders plus biofilms were then used for experiments on mechanical removal. Three independent experiments were performed for each condition tested.
Biofilm mechanical removal
The cylinders plus biofilm were exposed to increasing shear stresses according to Simões et al. (2005) . After chemical treatment, cylinders plus biofilm were inserted in 300 ml glass flasks with 0.2 M phosphate buffer and consecutively subjected to increasing shear stresses (2, 7, 14 and 23 Pa) for 30 s each. Table 1 presents the hydrodynamic conditions in the reactor (Reynolds number, velocity of rotation, velocity of fluid on the cylinder surface and the shear stress on the cylinder surface).
Eq.
(1) was used to assess shear stress (Altman et al., 2009) :
where τ s (Pa) is the shear stress, f is the fanning factor and v is the average velocity (m·s −1 ). The Fanning factor for a rotating cylinder is given by Eq. (2) as described by Gabe and Walsh (1983) and the velocity (m·s
) is given by the Eq. (3).
where Re A is the Reynolds number of agitation, D (m) is the diameter of the cylinder,
) is the rotation speed, ρ (Kg·m
) is the fluid density and μ (Kg·m
) is the fluid viscosity (Geankoplis, 1993) . The wet weight of the cylinder plus biofilm attached was determined before and after each exposure to a different shear stress.
The wet mass of the biofilm that was removed from the cylinder surface after each shear stress exposure was expressed as percentage of biofilm removal (Eq. (5)). The biofilm removed after the chemical treatment or after the exposure to the complete series of shear stress were assessed according to Eq. (6). The amount of biofilm remaining adhered after exposure to chemical and mechanical treatments was expressed as percentage of biofilm remaining according to Eq. (7) (Simões et al., 2005 (Simões et al., , 2009 ).
Biofilm removal by individual shear stress
Overall mechanical or chemical biofilm removal
where X biofilm corresponds to the total biofilm mass formed on the PVC cylinder before the treatments (chemical and mechanical), X i is the biofilm mass before chemical or mechanical treatment (i), X j is the biofilm mass after chemical or mechanical treatment (i), and X remaining corresponds to the biofilm mass remaining adhered on the PVC cylinder after exposure to all the treatments. Three independent experiments were performed for each condition tested.
Statistical analysis
Data was analyzed using One-Way ANOVA test from the statistical software SPSS 20.0 (Statistical Package for the Social Sciences). The comparisons between and within experimental groups were carried out using Tukey test. Statistical calculations were based on a confidence level ≥ 95%, assuming a significance level for the separation set at P b 0.05.
Results
Biofilm characterization
The biofilms were characterized in terms of mass content, density, thickness, CFU·cm , EPS amount and metabolic activity ( Table 2 ). The single and dual species biofilms had similar CFU·cm −2 (P N 0.05). The assessment of the relative colonization revealed that dual species biofilms were mostly colonized by S. maltophilia (94% of the CFU·cm
−2
). In terms of metabolic activity, A. calcoaceticus biofilms were about 4.4 times more active than S. maltophilia biofilms. However, dual species biofilms were 10 times more active than these of A. calcoaceticus (P b 0.05). Biomass production was higher for dual biofilms followed by A. calcoaceticus. Biofilms formed by A. calcoaceticus were significantly thicker (P b 0.05) than these formed by S. maltophilia and dual species biofilms. The denser biofilms were produced by S. maltophilia (P b 0.05). The other biofilms had equivalent densities (P N 0.05). All the biofilms had high water content: 95% (A. calcoaceticus); 94% (S. maltophilia); 88% (dual species).
The EPS content was assessed for extracellular proteins and polysaccharides. A. calcoaceticus formed biofilms with higher content of extracellular proteins than the other biofilms (P b 0.05). The amount of polysaccharides was similar for all the biofilms (P N 0.05). Nevertheless, dual species biofilms produced lower amounts of total and extracellular proteins and polysaccharides than single species biofilms, even if not statistically significant (P N 0.05). Moreover, the content of extracellular proteins represent 36% (A. calcoaceticus), 26% (S. maltophilia) and 21% (dual species) of the total proteins. In terms of extracellular polysaccharides, the values are higher: 68% (A. calcoaceticus), 74% (S. maltophilia) and 80% (dual species).
Biofilm removal by NaOCl
A. calcoaceticus biofilms were more susceptible to removal than these of S. maltophilia (P b 0.05) when exposed to 0.5 mg·l −1 NaOCl for 30 min (removal of 23% for A. calcoaceticus and 8% for S. maltophilia) (Fig. 2) . The use of higher NaOCl concentrations increased single species biofilm removal from the PVC surface, being removal of both A. calcoaceticus and S. maltophilia single species biofilms similar (P N 0.05) (33% for A. calcoaceticus and 35% for S. maltophilia). Dual species biofilm were shown to be more susceptible to 0.5 mg·l −1 NaOCl (32% of biofilm removal) than the single species biofilms (P b 0.05).
The treatment with the highest NaOCl concentration did not increase dual species biofilm removal (P N 0.05).
3.3. Biofilm removal by shear stress alone and combined with NaOCl 3.3.1. Shear stress The biofilms had distinct behavior to mechanical treatment when exposed to shear stresses of 2, 7, 14 and 23 Pa (Fig. 3) . A. calcoaceticus biofilms were more susceptible to removal when exposed to intermediate shear stresses (7 Pa caused 20% while 14 Pa caused 18%). Shear stresses of 2 and 23 Pa only caused 10% and 9% biofilm removal, respectively (Fig. 3A) . Therefore, the increasing series of shear stress removed 56% of the total biofilm (Fig. 2) . For S. maltophilia biofilms, the highest removal was caused by 2 Pa (30%) and decreased with increasing shear stress to 7 Pa. The lowest removal percentage was attained with 14 Pa (3%). A shear stress of 23 Pa increased again S. maltophilia biofilm removal (18%) (Fig. 3B) . The overall mechanical removal of S. maltophilia biofilms was 67% (Fig. 2) .
Dual species biofilms were more susceptible to the intermediate shear stresses, 7 (25% removal) and 14 Pa (27%), than for the lowest (18% removal) and highest (10% removal) (Fig. 3C) . In this case, the mechanical treatment removed 80% of the biofilm mass (Fig. 2) .
Shear stress combined with NaOCl
The pre-treatment of A. calcoaceticus biofilms with the residual concentration of NaOCl slightly increased biofilm removal with 2 and 23 Pa (P b 0.05) (Fig. 3A) . Furthermore, removal decreased with exposure to 7 and 14 Pa. For this latter shear stress, no removal was observed. The mechanical treatment after exposure to 0.5 mg·l −1 NaOCl removed 50% of the total biofilm from the PVC surface (Fig. 2) . The chemical (0.5 mg·l −1 NaOCl) and mechanical treatments caused 73% biofilm removal (Fig. 2) . The pre-treatment with NaOCl at MIC caused biofilm removal similar to the mechanical stress alone for 2, 7 and 14 Pa (P N 0.05). A decreased biofilm removal (1%) was observed with 23 Pa. The series of shear stress conditions caused 49% biofilm removal (Fig. 2) . However, even after the chemical (with NaOCl at MIC) and mechanical treatments 18% biofilm remained on the surface (Fig. 2) . The pre-treatment of S. maltophilia biofilms using 0.5 mg·l −1 NaOCl increased resistance to removal with 2 and 7 Pa compared to the mechanical treatment alone (P b 0.05) (Fig. 3B) . No significant differences were observed without and with NaOCl pre-exposure for 14 and 23 Pa (P N 0.05). After exposure to the series of shear stress, 35% of the S. maltophilia biofilm was removed (Fig. 2) . The chemical and mechanical treatments caused 43% biofilm removal (Fig. 2) . The use of NaOCl at MIC significantly increased S. maltophilia biofilm resistance to removal by mechanical stress. In fact, only 7 Pa caused significant biofilm removal (P b 0.05) (Fig. 3B) . The overall mechanical removal of the biofilm after chemical treatment at MIC was 28% (Fig. 2) . Moreover, 37% of the biofilm remained on the PVC surface after the overall chemical (NaOCl at MIC) and mechanical treatments (Fig. 2) . This combination did not cause significant removal compared to the mechanical action alone (P N 0.05). No significant advantage was observed from the use of 0.5 mg·l
NaOCl to remove dual species biofilms. Biofilm removal was always lower than when using mechanical stress alone. In fact, no removal was found when the biofilms were exposed to 2 and 23 Pa (P b 0.05). For this case, the overall removal due to mechanical treatment was 38% (Fig. 2) , and the combined action removed 70% of the biofilm (Fig. 2) . With the use of NaOCl at MIC, only 2 Pa caused higher removal than use of mechanical stress alone. For the other conditions biofilm removal was lower than without NaOCl pre-exposure, particularly with 23 Pa, where no removal was observed (P b 0.05). After exposure to the series of shear stresses 57% of dual species biofilm was removed. The combination of NaOCl at MIC and mechanical stress increased biofilm removal to 93%.
Discussion
Biofilms in DWDS are responsible for several undesirable effects in the quality of the distributed water. The increased biofilm resistance to conventional disinfection processes and the increasing awareness on the public health effects of disinfection by-products clearly proposes that novel means of DW disinfection and biofilm control are needed (Meireles et al., 2016) . As the levels of chlorine usually employed in DWDS are not sufficient to prevent the growth and development of microbial biofilms (Zhou et al., 2009 ) new and more efficient strategies are needed. Pipe flushing is regarded as a green and attractive strategy for biofilm removal (Mathieu et al., 2014; Paul et al., 2012) , which can be used alone or in combination with chlorine to control biofilms in DWDS. In this study, two opportunistic bacteria, A. calcoaceticus and S. maltophilia, isolated from a DWDS were used for biofilm formation and control experiments. A rotating cylinder reactor was used for the first time in DW biofilm studies. This bench top laboratorial reactor was already successfully used in studies of chemical and mechanical control of industrial biofilms (Lemos et al., 2015; Simões et al., 2005 Simões et al., , 2009 . PVC is commonly found in DWDS and was used as model substratum for biofilm formation (Lemos et al., 2015; Simões et al., 2007) .
Most studies on biofilm control with NaOCl focus on its effects on bacterial viability (Almatroudi et al., 2016; Simões et al., 2010) . However, it is recognized that biofilm inactivation and removal are distinct phenomena. In fact, one can inactivate a biofilm without causing its removal from the surface . The biofilm left on the surface can easily reseed a new one by several mechanisms: working as a conditioning film for new surface colonizers; acting as a source of nutrients for new microorganisms; recovery of sublethaly injured bacteria; dispersal to neighbor surfaces (Chambless et al., 2006) . Therefore, this study focus on the study of chemical and mechanical removal of biofilms from PVC surfaces. The results showed that exposure to NaOCl at a residual concentration caused a maximum biofilm removal of 32% (dual species biofilms). Surprisingly, only 8% removal was found for S. maltophilia biofilms. A recent study reinforces the resilient for S. maltophilia and dual species biofilms, according Gomes et al., 2016) . Results represent the average of three independent assays and respective standard deviation.
properties of S. maltophilia biofilms. It was demonstrated that 24 h old S. maltophilia were more resistant to killing by NaOCl than A. calcoaceticus biofilms and their dual species biofilms . The shear stress values tested in the present study complements previous reports about mechanical removal of biofilms (Husband and Boxall, 2011; Mathieu et al., 2014; Neilands et al., 2012) . It is clear that biofilm removal is not proportional to the shear stress increase. The high resistance to removal could be due to the stratified structure of biofilms. Simões et al. (2009) using Bacillus cereus and Pseudomonas fluorescens, recognized as significant food industry contaminants, already proposed that biofilms formed in the rotating cylinder reactor are stratified in a layered structure with each layer having differential tolerance to chemical and mechanical stresses. The near-surface layers were always more tolerant to the stress conditions (Simões et al., 2009) .
The pretreatment with NaOCl changed biofilms resistance to mechanical removal depending on the bacterium. In fact, S. maltophilia and dual species biofilms were more tolerant to hydrodynamic stress after the chemical treatment. Even if disinfectants can weaken the biofilm structure (Davison et al., 2010; Tachikawa et al., 2009; Xavier et al., 2005) increased removal is expected to occur when challenging the biofilms with mechanical stress. NaOCl is a multi-target biocide and is recommended for DW disinfection Simões and Simões, 2013) . However, even when high NaOCl concentrations were combined with high shear stress, complete biofilm removal was not achieved. This highlights the current limitations of the available disinfectants for effective biofilm control (Malheiro et al., 2016) . In fact, a disinfectant effective in biofilm killing does not mean that it is effective in biofilm removal. In this study, the pretreatment with NaOCl did not improve the efficiency of mechanical treatment for most of the scenarios tested. Mathieu et al. (2014) have shown that an increase in the hydrodynamic constraints leads to the doubling of the number of contact points. Douterelo et al. (2013) found that flushing did not completely remove bacteria from pipe walls and generated more compact biofilms. Therefore, the first treatment (exposure to NaOCl) may easily remove the less cohesive top layers, remaining on the PVC surface the layers more tolerant to adverse external conditions. Unexpectedly, S. maltophilia biofilms that had lower mass and were thinner than the other biofilms were the hardest to be removed. Therefore, S. maltophilia biofilms were not only significantly resistant to chemical inactivation but also to the mechanical stress. Moreover, the biofilm characterization also propose that the high density, CFU content and low respiratory activity of S. maltophilia biofilms may also account for the increased tolerance to NaOCl and mechanical stress. Conversely, in addition to the high respiratory activity values, it seems that the lower contents of proteins and polysaccharides (total and extracellular) help to explain the highest susceptibility of dual species biofilms.
Most of the studies propose that multispecies biofilms are more resistant than these single species. However, these studies only assess biofilm killing (Burmølle et al., 2006 (Burmølle et al., , 2014 Lindsay et al., 2002) . This study shows that dual species association was not advantageous in protecting the biofilm from the chemical and mechanical stress conditions. Dual species biofilms were more susceptible to removal by chemical and mechanical treatments alone and combined. The presence of S. maltophilia in a significantly higher extent in dual species biofilms was not advantageous in increasing resistance to removal. Lemos et al. (2015) , using the rotating cylinder reactor with stainless steel and polymethyl methacrylate surfaces for biofilm formation, also found that the association of B. cereus and P. fluorescens did not increase biofilm resistance to chemical and mechanical treatments. These biofilms were treated with the quaternary ammonium compound benzyldimethyldodecyl ammonium chloride. However, Simões et al. (2009) found that dual species biofilms of B. cereus and P. fluorescens were more resistant to chemical and mechanical stresses, using a quaternary ammonium compound (cetyl trimethyl ammonium bromide) and an aldehyde biocide (glutaraldehyde). These results in conjugation with the present ones clearly propose that multispecies biofilm resistance to removal may depend on the colonizing microorganisms, the conditions under which biofilms are formed and the type of biocide. In fact, Simões et al. (2005) tested seven distinct biocides for P. fluorescens biofilm removal and found that in addition of the inefficacy of the chemical treatments in biofilm removal, some biocides increased biofilm mechanical stability.
Conclusion
The overall results demonstrate the suitability of the rotating cylinder reactor to study biofilm formation and control using DW-isolated bacteria. The results also demonstrated the limited efficiency of NaOCl on the removal of single and dual species biofilms, even when the chemical treatment was combined with hydrodynamic stress. Dual species biofilms were more susceptible to chemical and mechanical removal than these single species. Of concern was the behavior of S. maltophilia. This bacterium is considered an emergent pathogen and may constitute a concern for DWDS maintenance and safety. In fact, S. maltophilia biofilms demonstrated to be tolerant to chemical and mechanical stresses, even when exposed to a high concentration of NaOCl and high shear stresses. These results reinforce the limited action of current DW disinfection strategies for biofilm control. 
